Abstract: Friction welding (FW) is a solid state technique used mostly for joining similar or dissimilar materials owing to batch production with less time consumption. In friction welding, the joints are formed in the solid state by utilising the heat generated by friction. The objectives of this project is to obtain friction weld element of 17-4 PH Stainless steel alloy (Grade 630) and optimising the friction welding parameters in order to establish the weld strength and its quality. In this research work, the experiment is undergone to examine the tensile strength of friction welding 17-4 PH Stainless steel alloy. The experiment is conducted by varying the input parameters like rotational speed, friction and forging force, friction and forging time using Taguchi's L9 orthogonal array. For each experiment tensile strength was examined and the optimum welding condition for maximising tensile strength was determined.
Introduction
The friction welding is a process of solid state joining which is employed to join several types of ferrous metals and non-ferrous metals that cannot be welded by traditional fusion welding processes. Though friction welding presents various benefits over many other fusion welding processes, in order to acquire the required output, there are certain aspects needed to be controlled to get required output, there are certain aspects needed to be controlled to get required output. The most essential parameters in friction welding are forging pressure, forging time, friction pressure, friction time and rotational speed, which play the vital role in determining the strength of the joints, Friction welded joints have very reliable integrity and becomes stronger than that of the individual base materials (Madhusudan Reddy and Srinivasa Rao, 2009; Ananthapadmanaban et al., 2009; Ozdemir, 2005; Sahin, 2009) .
Rotary friction welding (RFW) has become a technology of widespread interest because of its numerous advantages, most important of which is its ability to weld otherwise unweldable alloys. Compared with many of the fusion welding processes that are routinely used for joining structural alloys, RFW is an emerging solid state joining process in which the material that is being welded does not melt and recast. Defect free welds with good mechanical properties have been made in a variety of stainless steel alloys, even those previously thought to be not weldable. Rotary friction welds will not encounter problems like porosity, alloy segregation and hot cracking, and welds are produced with good surface finish and thus no post weld cleaning is required. There have been a lot of efforts to understand the effect of process parameters on material flow behaviour, microstructure formation and hence mechanical properties of rotary friction welded joints (Subhash Chander et al., 2012; Shanjeevi et al., 2013; Vigneshwar et al., 2016) .
In order to study the effect of FSW process parameters, most workers follow the traditional experimental techniques, i.e., varying one parameter at a time while keeping others constant. This conventional parametric design of experiment approach is time consuming and calls for enormous resources. Taguchi design can optimise the performance characteristics through the design parameters and sensitivity of the system is reduced to the source of variation (Taguchi, 1993; Lakshminarayanan and Balasubramanian, 2008; Shanjeevi et al., 2015) . Taguchi statistical design is a powerful tool to identify significant factor from many by conducting relatively less number of experiments (Koilraj et al., 2012) . However, this design fundamentally does not account for the interaction among processing parameters. In view of cost and time saving, occasionally these interactions can be neglected. If mandatory, the missing interactions can be analysed by further running the required experiments. Though research work applying Taguchi methods on various welding processes have been reported in literatures, it appears that the optimisation of RFW process parameters of 17-4 PH stainless steel alloy using Taguchi method has not been reported yet. Considering the above facts, the Taguchi L9 method is adopted to analyse the effect of each processing parameters (i.e., rotational speed, friction time, forging time, friction force and forging force) for optimum tensile strength of rotary friction welded joints of 17-4 PH stainless steel alloy.
Based on the literature survey, the joining of materials are examined widely based on strength and metallurgical aspects of stainless steel (or) aluminium alloy. In this present research study, the influence of tensile strength and its optimisation analysis are discussed.
Taguchi method
Taguchi method is an efficient problem solving tool, product, process, design and system with a significant slash in experimental time and cost. This method that combines the experimental design theory and quality loss function concept has been applied for carrying out robust design of processes and products and solving several complex problems in manufacturing industries. Further, this technique determines the most influential parameters in the overall performance. The optimum process parameters obtained from the Taguchi method are insensitive to the variation in environmental condition and other noise factors. The number of experiments increases with the increase of process parameters. To solve this complexity, the Taguchi method uses a special design of orthogonal array to study the entire process parameter space with a small number of experiments only (Paventhan et al., 2011) . Taguchi defines three categories of quality characteristics in the analysis of (Signal/Noise) ratio, i.e., the lower-the-better, the larger-the-better and the nominal-the-better. The S/N ratio for each of process parameter is computed based on S/N analysis. Regardless of the category of the quality characteristics, a larger S/N ratio corresponds to better quality characteristics. Therefore, the optimal level of process parameter is the level of highest S/N ratio. Furthermore, a statistical analysis of variance (ANOVA) can be performed to see which process parameter is statistically significant for each quality characteristics.
Friction welding process parameters
The various RFW process parameters that may influence the quality of RFW joints are rotational speed, friction and forging time and friction and forging force. They above factors play a major role in deciding the weld quality. In the present investigation, three level process parameters, i.e., rotational speed, friction and forging time and friction and forging force were considered. Trail experiments were carried out using 10 mm diameter rods of 17-4 PH stainless steel alloy to fix the working range of RFW process parameters. The chemical composition and mechanical properties of the base metal (17-4 PH) used in this investigation are given in Tables 1 and 2, respectively. When the rotational speed was lower than 1300 rpm, the weld does not occur due to insufficient friction generation at the areas of the welding surface of the metal. When the rotational speed of 1500 rpm the weld defect occurs due to excessive heat generation caused by higher rotational speed. When the time was less than 4 s the proper weld formation does not occur due to less time for heat generation at the surfaces and beyond 6 s the metal gets heated up more and the HAZ is higher and the length of the metal gets much minimised. If the friction and forging force was between 25 KN to 45 KN because of the large mass of flash and excessive thinning of the weld zone were observed due to higher heat input. Hence, the range of process parameters such as tool rotational speed was selected as 1300−1500 rpm, the friction and forging time was selected as 4-6 s and friction and forging force was selected as 25-45 KN. The FW process parameters along with their ranges are given in Table 3 . 
Selection of orthogonal array (OA)
Before selecting a particular OA to be used as a matrix for conducting the experiments, the following two points must be considered: (1) The number of parameters and interactions of interest; (2) The number of levels for the parameters of interest. The nonlinear behaviour, if exists among the process parameters, can only be studied if more than two levels of the parameters are used. Therefore, each parameter was analysed at three levels. To limit the study, it was decided not to study the second order interaction among the parameters. Each three level parameter has two degrees of freedom (DOF = number of levels − 1), the total DOF required for three parameters each at three levels is six (6 = 3× (3−1)). As per Taguchi's method, the total DOF of selected OA must be greater than or equal to the total DOF required for the experiment. So an L9 OA having (8 = 9−1) eight degrees of freedom were selected for the present analysis.
Experimental work
The extruded rods of 17-4 PH stainless steel alloy were used as the base material in this investigation. 17-4 PH stainless steel alloy (Fe-Cr-Ni-Cu alloy) was basically developed by the research and development engineers, Pune, India, and it is closely confirming with the specifications of 304 L SS alloy. It is the most widely used highly corrosion resistant stainless steel alloy and has gathered wide acceptance in the fabrication of structures requiring high corrosion resistance with good mechanical properties. It has wide applications in the area of marine industries, like making pump shafts, ship decks and even some boilers and vessels in food and beverage industries. The extruded rod of diameter 10 mm and the length of 75 mm were cut into required size by power hacksaw. The surface should be filed cleanly without any burr at its welding end and then it is clamped into the rotary chuck of the RFW machine, Which is indigenously designed and developed and was used to fabricate the joints. The welded joints were machined to the standard of ASTM and the guidelines were followed for preparing test specimens. The smooth tensile specimens were prepared to evaluate ultimate tensile strength. Tensile test were carried out in 100 kN, Servo controlled Universal testing machine (Model: f-100). The photographs of the welded specimens are shown in Figure 1 . 
Signal to noise ratio
Tensile strength is the main characteristic considered in this investigation describing the quality of RFW joints. In order to assess the influence of factors on the response, the means and Signal-to-Noise ratios (S/N) for each control factor can be calculated. The signals are indicators of the effect on average responses and the noises are measures of the influence on the deviations from the sensitiveness of the experiment output to the noise factors (Shanjeevi et al., 2017) . The appropriate S/N ratio must be chosen using previous knowledge, expertise, and understanding of the process. When the target is fixed and there is trivial or absent signal factor (static design), it is possible to choose the signal-to-noise (S/N) ratio depending on the goal of the design. In this study, the S/N ratio was chosen according to the criterion of the larger the-better, in order to maximise the response. In the Taguchi method, the signal to noise ratio is used to determine the deviation of the quality characteristics from the desired value.
The S/N ratio η j (larger-the-better) in the jth experiment can be expressed as 2 1 10 log
where n is the number of tests and Y ijk is the experimental value of the ith quality characteristics in the jth experiment at the kth test.
In the present study, the tensile strength data were analysed to determine the effect of RFW process parameters. The experimental results were then transformed into means and signal-to-noise (S/N) ratio. In this work, 9 means and 9 S/N ratios were calculated and the estimated tensile strength, means and signal-to-noise (S/N) ratio are given in Table 4 . The analysis of mean for each of the experiments will give the better combination of parameters levels that ensures a high level of tensile strength according to the experimental set of data. The mean response refers to the average value of performance characteristics for each parameter at different levels. The mean for one level was calculated as the average of all responses that were obtained with that level. The mean response of raw data and S/N ratio of tensile strength for each parameter at levels 1, 2 and 3 were calculated and are given in Table 5 . The means and S/N ratio of the various process parameters when they changed from the lower to higher levels are also given in Table 5 . It is clear that a larger S/N ratio corresponds to better quality characteristics. Therefore, the optimal level of process parameter is the level of highest S/N ratio. Figure 2 shows the mean effect and S/N ratio for tensile strength were calculated by statistical software, indicating that the tensile strength was at maximum when rotational speed, friction and forging time and friction and forging force are at level 2, i.e., rotational speed at 1400 rpm, friction and forging time for 5 s and friction and forging force at 45 kN. The comparison of mean effect and S/N ratio are presented in Figure 2 . 
Analysis of variance (ANOVA)
Analysis of variance (ANOVA) test was performed to identify the process parameters that are statistically significant (Shanjeevi et al., 2015) . The purpose of the ANOVA test is to investigate the significance of the process parameters which affect the tensile strength of FSW joints. The ANOVA results for tensile strength of means and S/N ratio are given in Tables 6 and 7 , respectively. In addition, the F-test named after Fisher can also be used to determine which process has a significant effect on tensile strength. Usually, the change of the process parameter has a significant effect on the quality characteristics, when F is large. The results of ANOVA indicate that the considered process parameters are highly significant factors affecting the tensile strength of RFW joints in the order of time, force and speed. 
Interpretation of experimental results

Percentage of contribution
The percentage of contribution is the portion of the total variation observed in the experiment attributed to each significant factors and/or interaction which is reflected. The percentage of contribution is a function of the sum of squares for each significant item; it indicates the relative power of a factor to reduce the variation. If the factor levels are controlled precisely, then the total variation could be reduced by the amount indicated by the percentage of contribution.
Estimation of optimum performance characteristics
The methods described in this paper for tensile strength prediction and optimisation can eliminate the need for performing experiments on the basis of the conventional trial and error method which is time consuming and economically not justifiable. The present study is aimed at to identify the most influencing significant parameter and percentage contribution of each parameter on tensile strength of friction stir welded 17-4 PH stainless steel alloy joints by conducting minimum number of experiments using Taguchi orthogonal array. Based on the highest values of the S/N ratio and mean levels (Figure 2) for the significant factors A, B and C the overall optimum condition thus obtained were A2, B2 and C2. Once an experiment is conducted and the optimum treatment condition within the experiment is determined, one of two possibilities exists:
• the prescribed combination of factors level is identical to one of those in the experiment;
• the prescribed combination of factors level is not included in the experiment.
It must be noted that the above combination of factor levels A2, B2, C2 are not among the nine combinations tested for the experiment. This is expected because of the multifactor nature of the experimental design employed (9 from 33 = 27 possible combinations). The optimum value of tensile strength is predicted at the selected levels of significant levels of significant parameters.
Conclusions
Based on the result analysis, the following conclusions were obtained.
• Friction welding has been effectively prepared with 17-4 PH SS Alloy of Grade 630 material. The tensile strength values obtained on joints were varied with one another. The quality and strength of the bond prepared are also varied.
• Friction welded 17-4 PH SS Alloy of Grade 630 joint has good mechanical properties compared to its parent material. This rotary friction welding is highly economical to weld 17-4 PH SS Alloy and it is feasible to weld there is no other surface treatments is to be done and we have not done any post weld heat treatments after welding.
• The 17-4 PH SS Alloy weld strength is higher than the strength of the parent material as the 5th combination of parameter has proved that the parent material has broken out but, our weld joint does not break during tensile test as the graph has been discussed earlier.
• The experimental data has been used to determine the tensile strength under various combinations of input parameters within the range of experimental values. Time has greater influence on tensile strength compared with other input parameters. Use of greater time values is recommended to obtain the better tensile strength.
• The optimal friction welding parameters are heating force of 45 KN, upset force of 45 KN, heating time of 5 s, upset time of 5 s and Speed of 1400 rpm.
